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m Abstract Imaging mass spectrometry combines the power of mass spectrometry to
identify complex molecules based on mass with sample imaging. Recent advances in
secondary ion mass spectrometry have improved sensitivity and spatial resolution, so that
these methods have the potential to bridge between high-resolution structures obtained by
X-ray crystallography and cyro-electron microscopy and ultrastructure visualized by
conventional light microscopy. Following background information on the method and
instrumentation, we address the key issue of sample preparation. Because mass
spectrometry is performed in high vacuum, it is essential to preserve the lateral organization
of the sample while removing bulk water, and this has been a major barrier for applications
to biological systems. Recent applications of imaging mass spectrometry to cell biology,
microbial communities, and biosynthetic pathways are summarized briefly, and studies of
biological membrane organization are described in greater depth.

INTRODUCTION

Structural biology has seen huge advances during the past 20 years due to the confluence of

efficient methods for protein overexpression and purification, synchrotron X-ray sources,



and array detectors. As a result, we now have the three-dimensional structures of many
proteins, including membrane proteins and large assemblies such as the ribosome. These
structures provide the basic level of organization of biological systems, often at atomic
resolution, on the length scale up to roughly 10 nm. The development of new methods for
obtaining information on the organization and dynamics of assemblies on a longer length
scale, such as the lateral organization of proteins and lipids in a biological membrane, is an
important frontier in structural biology. Many types of imaging methods and microscopies
seek to fill this need. This review focuses on secondary ion mass spectrometry (SIMS), still
in its infancy as applied to biological systems. This approach to biological imaging has the
potential to bridge between atomic-level structures and conventional light microscopy by
providing direct compositional information at the 50 nm to several micron length scale.
Comparisons with other state-of-the-art imaging methods are briefly discussed in the
concluding section.

Conventional mass spectrometry has been transformed from a method largely limited to
analytical chemistry and geochemistry into an indispensable tool for the characterization of
biological molecules and even assemblies. This is the result of revolutionary advances in
ionization (48, 112) methods. Both methods deliver large molecules into the gas phase,
where they are ionized so that their mass-to-charge ratio can be measured with high
precision. Further processing into fragments (tandem mass spectrometry) can provide high-
resolution information on molecular level structure, and by clever use of isotopes, even the
kinetics of assembly of large complexes can be characterized (102a). These once exotic
methods have become essential, even routine, analytical tools for all laboratories
investigating the structure of biological molecules. The information content of mass
spectrometry is extraordinary, leading to unambiguous identification of molecules by their
mass. The promise of imaging mass spectrometry is to combine this level of chemical
identification with spatial information.

There are two broad classes of imaging mass spectrometry, depending upon the method
used to scan the sample and generate an image. The first class is based on MALDI and takes
advantage of the laser used to desorb molecules within a matrix from a surface as the laser

is scanned across the sample. Typically, pulsed lasers are used to ablate the sample, and the



resulting ions or fragments are detected by using a time-of-flight (ToF) mass spectrometer.
Because the spot size of the laser is, at best, given by the diffraction limit, lateral resolution
less than 1 um is difficult. Typically, a much larger spot size (>10 microns) is used to
produce sufficient secondary ion signal intensity for molecular imaging. This method is
routinely applied to organ-scale biomolecule imaging. MALDI imaging of biological
samples has recently been reviewed and is not covered further here (14, 70).

The second class of imaging mass spectrometry—SIMS—is based on the use of an
accelerated primary ion beam that bombards the surface and generates secondary ions
(Figure 1). As described below, lateral resolution better than 100 nm is possible with
specialized instruments. SIMS has the potential to image the distributions of specific species
within complex biological samples and to measure the amount of each species within a
specified region on the sample. Thus, the potential exists for a true analysis of the sample,
although many challenges must be resolved before this long-term goal becomes a reality.

Mass Figure 1 Simplified schematic of a secondary ion mass
spectrometer spectrometry (SIMS) instrument. The common
components of all SIMS instruments are a primary ion
source, a sample chamber with secondary ion extraction

optics, and a mass spectrometer. Mass spectrometers
include time-of-flight, magnetic sector, and quadrapoles.

Prima Secondary
Ions ion extraction

There are two fundamentally different approaches to
SIMS analysis of biological samples based on the instrument design: ToF-SIMS and
dynamic SIMS using a magnetic sector mass spectrometer. For ToF-SIMS, the primary ion
beam is pulsed and the resulting secondary ions are detected by a ToF mass spectrometer.
This approach allows the full mass spectrum to be monitored during the analysis. The goal
of ToF-SIMS is the ejection and detection of molecular species. In contrast, dynamic
SIMS?, as defined here, is performed with a continuous primary ion beam and a preselected
set of ions is detected with a magnetic sector mass spectrometer. (Here we use the term
“dynamic SIMS” as others have used it. However, ToF-SIMS instruments can be operated

in a dynamic mode, meaning that the primary ion beam erodes away the sample surface,
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exposing fresh sample. This ToF-SIMS approach is typically not used for biological
samples because molecular information is lost. A less used, but potentially more apt, term
than dynamic SIMS is “magnetic sector SIMS.”) Typically, in dynamic SIMS, reactive
primary ions are used to enhance secondary ion yields. Under continuous ion bombardment,
molecular bonds are broken and only monatomic and small molecular ions are produced and
detected. In this approach, molecule-specific elemental or isotopic tags are used to locate
and quantify molecules of interest.

SIMS is widely used for studying hard materials in materials science, geology, and
cosmochemistry. SIMS instruments are commonly found in materials science departments,
and they are integrated into semiconductor fabrication for quality control and analysis. By
comparison, the application of SIMS to biological sample analysis has been limited, with
only a small number of laboratories putting significant effort into biologically related
problems. Broadly speaking, the major reasons why SIMS has not historically been more
widely adopted for biological sample analysis are (a) insufficient sensitivity and spatial
resolution, (b) challenges of molecular identification, and (c) challenges of biological
sample preservation for high-vacuum analysis. However, the invention of new ion sources
for ToF-SIMS and the development of a high-resolution dynamic SIMS instrument, the
NanoSIMS 50 from CAMECA Instruments (16), have raised the potential for SIMS to
become a valuable imaging technique in the biosciences. The state-of-the-art of SIMS
imaging of biological samples is the subject of this review, with an emphasis on dynamic
SIMS; excellent reviews of ToF-SIMS have recently been published (53, 68). We
emphasize references from the literature on biological imaging; several reviews on the

underlying technology are cited but not discussed in detail.

INSTRUMENTATION

Figure 1 shows a generic scheme for a SIMS instrument. The major components are a
primary ion source, a sample chamber, and a secondary ion mass spectrometer. Typically,
the primary ion beam column is oriented obliquely to the sample surface, and secondary
ions are extracted for analysis by an electrostatic field normal to the surface. This
configuration allows the primary ion beam focusing to be independent of the secondary ion

beam focusing. CAMECA fundamentally changed this configuration with the introduction



of the NanoSIMS 50 by bringing the primary ion beam in normal to the sample surface,
coaxial with the secondary ion beam (Figure 2). This change enables the primary focusing
lens be brought closer to the sample, thereby reducing focusing aberrations (51, 98).
Imaging is performed by scanning the focused primary beam across the sample and digital
reconstruction of a map of different masses corresponding to different parent molecules.
The best lateral resolution achieved by these instruments is on the order of 50 nm with
significant reduction in primary beam current, while 100 nm can be achieved routinely with
a beam current of ~2 pA Cs”. Similar lateral resolution was previously achieved in SIMS
with liquid metal sources (63). The NanoSIMS is significant because it achieves this lateral
resolution with reactive primary ions, which enhances sensitivity, while maintaining high

mass resolving power, which enhances specificity.
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Figure 2 Schematic of the NanoSIMS 50 from CAMECA showing the major components
for biological imaging. The instrument uses either an oxygen or cesium primary ion source
to generate positive or negative secondary ions, respectively. The coaxial optics enable
copropagation of the primary and secondary ions, which places the primary focusing optics
closer to and normal to the sample, thereby reducing the spot size on the sample.
Simultaneous ion detection of up to seven species is performed on electron multipliers in
the multicollection chamber. This figure is adapted from Reference 16.



ToF-SIMS
For ToF-SIMS, many different primary ion beams have been developed, and this is an
active area of research and development. The primary ion beam is accelerated to high
energy and focused onto the region of the sample whose composition is being imaged. The
interaction of the primary beam with the sample depends on the energy, current, and nature
of whatever is accelerated and, in many cases, the environment, or matrix, in which the
molecules of interest are embedded (114). A large body of empirical data has been collected
(72, 99) and some models are available to guide new developments (32) because each
primary ion source involves a substantial engineering and optimization effort. Each primary
ion beam offers different advantages for the generation of secondary ions. For biological
samples, the emphasis in recent years has been on larger projectiles such as gold clusters as
large as several hundred gold atoms (66), Bis*, SFs', or Cgo", because these primary ions
open the potential for higher yields of large molecules. Large secondary ion fragments are
desirable because biological samples typically contain complex mixtures and larger
fragments have greater chemical information than smaller ones do. At the same time, the
amounts of each component in the sample area are often low, so high sensitivity is also at a
premium. Unfortunately, most of the species ejected from the surface are neutral and
therefore not detected by the mass spectrometer. This factor is the primary limitation on
detecting and imaging low-abundance molecules. Post-ionization of the neutrals is possible,
although further fragmentation of molecules is a primary challenge for this approach (49,
113). A great deal of instrumentation development has been devoted to focusing and
rastering the primary ion beam and optimizing secondary ion collection optics, and although
beyond the scope of this review, this greatly affects the sensitivity of the measurement (13,
16).

For ToF-SIMS, the primary ion beam is pulsed to enable ToF detection. The secondary
ions are accelerated by an electric field to the same kinetic energy; thus the velocity of any
individual ion depends on its mass-to-charge ratio (heavier particles move more slowly). By
measuring the time for an ion to reach a detector, this mass-to-charge ratio can be obtained
with high precision and a wide range of masses can be monitored. The ability to distinguish
between adjacent masses is characterized by mass-resolving power, which is defined as the

nominal mass divided by the difference in mass between the two species (M/AM). Because



ToF-SIMS ion detection is based on the time of flight to the detector, instrument mass-
resolving power is determined by the ratio of the duration of secondary ion generation
(primary ion pulse length) and the length of the secondary ion path. This relationship results
in a trade-off between spatial resolution at the sample and mass-resolving power because
the primary ion beam pulses must be compressed to increase mass resolution, which
degrades the lateral resolution of the primary beam. Limitations on maximum count rates,
duty cycle, and the ratio of analyzed to sputtered material can also place limits on ToF-
SIMS analysis speed and sensitivity.

Dynamic SIMS

In dynamic SIMS instruments, a continuous primary ion beam generates a continuous flow
of secondary ions. Typically, an oxygen primary beam (O~, O,", or O,") is used to generate
positive secondary ions, and a cesium primary beam (Cs") is used to generate negative
secondary ions. These reactive primary ions implant into the sample, increasing the
probability of producing positive or negative secondary ions, respectively. The development
of a microcesium source by CAMECA reduced the primary spot size to less than 1 micron
for dynamic SIMS instruments. The standard oxygen source, the duoplasmatron, however,
has not been improved since the development of the CAMECA f-series instruments, leaving
room for the development of brighter sources of electronegative primary ions (42). Positive
ion imaging can be useful for probing metals in living systems (87, 106) and for tracking
metabolic pathways (e.g., for Ca?* and Zn*") (4, 9, 18). Negative secondary ions are formed
as the fragments of organic molecules, including all common classes of biological
macromolecules. For biological samples the most important atomic secondary ions,
including those introduced as atom or isotopic labels, are *H™, D™, *2C", 3C", %0, *0,
¢~ 31p~ and *S™; molecular secondary ions include **CH, *CH™, **cD™, **cD", *CH,,
L2C¥NT, BCNT, 2CNT, and BC®NT (BPC¥NT, 27.0064 amu, and *C°N™, 27.0001 amu,
can be distinguished). For species with the highest ionization probability, suchas O, F, S7,
and CN7, as many as 1 in 20 atoms in the sample can be detected.

In dynamic SIMS, atomic, diatomic, and larger molecular secondary ions are generated,
generally in decreasing quantities. These secondary ions are separated and analyzed

continuously with a modern version of the bending magnets and electric fields introduced



by J.J. Thompson in the original development of the mass spectrometer. The mass
spectrometers focus in both mass and energy to achieve high mass-resolving power
(M/AM).? (Mass resolving power is not directly comparable between ToF-SIMS and
dynamic SIMS because ToF-SIMS produces mass spectra peaks over which counts are
integrated, whereas dynamic SIMS is designed to perform ion detection at a fixed
dispersion on a flattop peak.) These mass spectrometers produce flattop mass peaks, which
enable quantification down to the 1 in 1000 precision for highly abundant species. The
details of the separation system depend on the target application of the instrument and
determine the ultimate mass resolution. Standard dynamic SIMS instruments (e.g., the
CAMECA f series) use small radius magnets, and the transmission (the fraction of collected
secondary ions making it to the detector) falls off rapidly with increase in mass resolution.
Large radius SIMS instruments are used to maximize transmission at high mass-resolving
power (full transmission at ~5000 M/AM); these instruments are typically dedicated to
geochronology and high-precision isotopic analysis. The NanoSIMS achieves relatively
high transmission at high mass resolution (full transmission at ~3000 M/AM) by optimizing
transmission with a narrow energy window at the entrance slit to the mass spectrometer. An
example of high mass resolution of secondary negative ions on the NanoSIMS is shown in
Figure 3. For imaging, the ions are detected with high sensitivity and little background with
some type of electron multiplier. Count rates are limited to less than 1 million counts per
second to prevent premature aging of detectors. These instruments are typically equipped
with Faraday cups to enable higher secondary ion count rates, but the response time for

Faraday cups is too slow for imaging.

2 Mass resolving power is not directly comparable between ToF-SIMS and dynamic SIMS because ToF-SIMS
produces mass spectra peaks over which counts are integrated, whereas dynamic SIMS is designed to perform ion
detection at a fixed dispersion on a flattop peak.



2500 . . . .
12,
2000 |- Low D CH, ~m g
® NoD “Jll‘
- | L |
a ® HighD ~
c 1500 2CD u L ! =
8 Lo v
(¥} (]
£ 1000 |- - LY
=} [ ﬁ
- L [ ]
L »
500 |- d o= -,
\J =
0 } H } :
1000
u| F
vVl
.
9 100b [
2 N n
v ..
10
E ] -
£ | I | [ ]
T | - ‘
14.000 14.011 14.013 14.015

Figure 3 Mass spectra of CD, *CH, and **CH, at high mass-resolving power for three
different D/H ratios in spotted lipid samples, shown on a linear (upper panel) and
logarithmic scale (lower panel). The sample with no added D shows the peak shape with
this tuning. The samples with added D show the ability to discriminate the **CD from the
2CH, peak by counting with the mass setting on the left side of the peak. The slope on the
12CD peak top for the high D/H sample is caused by the sample being sputtered away
during the mass scan. Nominal mass resolution of these scans is 8000 M/AM.

The NanoSIMS instrument can detect five or seven secondary ions in parallel, depending
on the model, so that a precise map of several different fragments detected exactly at the
same location can be generated. Unlike ToF-SIMS, only preselected ions can be detected.
Because biological samples are complicated mixtures and the palate of secondary ions
available is limited, isotopic and/or elemental labeling that selectively discriminates the
molecule(s) of interest is essential, and this has been used in most experiments reported to
date. In sectioned samples, the number of ions in a given region can also be used to generate
image contrast, for example, DNA produces high count rates of CN™ and P~ (60, 88).

Quantification is a central challenge for all SIMS methods. For dynamic SIMS, the
species of interest are normalized to a major element in the sample of known concentration
or as isotopic ratios. Standards that closely match the major element composition of the
unknowns are analyzed under the same conditions as the unknown to control for differences
in ion yield between the species of interest and the normalizing species. Differences in ion

yield can be substantial (111). The same methods can be applied to ToF-SIMS molecular



imaging, but at this time, quantification is not the central thrust of the work on biological

samples and this remains an important direction for the next generation of experiments.

SAMPLE PREPARATION

Because imaging mass spectrometry is performed in ultrahigh vacuum, sample preparation
methods that preserve the biologically relevant organization being probed are essential. As
described in detail below, evaluation of sample quality with other methods prior to SIMS
analysis is prudent. Regions of the sample can be examined with comparable lateral
resolution by near-field methods such as atomic force microscopy (AFM) and electron
microscopy, and larger regions can be compared with optical measurements. Many of the
same issues arise in electron microscopy. While some imaging mass spectrometry
instruments have a provision for a cold stage, in most cases it is necessary to remove water
and minimize salts. This is best achieved by rapid freezing, e.g., using liquid ethane or
propane, which prevents crystallization of water, and by keeping the sample frozen while
subliming off the vitreous ice. In addition to removing water, it is essential that the
molecules of interest not sublime off the surface during freeze-drying or in the high-vacuum
environment of the mass spectrometer, and that contamination of the surface by pump-oil or
the laboratory environment be minimized. Just as background fluorescence from a variety of
sources compromises high-sensitivity fluorescence measurements, environmental
contamination can be a serious problem in mass spectrometry.

Even with careful control and relatively simple samples (lipid bilayers on solid supports),
we find that samples are often poorly preserved. This is best seen on a micron scale either
by adding a fluorescent dye (e.g., a dye-labeled lipid for lipid monolayer or bilayer samples)
or by imaging ellipsometry. The latter does not require a dye and can measure small
thickness variations that may arise if the sample separates from the substrate. Although
prior assessment of regions that should be avoided is essential, regions identified as
interesting to probe at a later time in the imaging mass spectrometer must be found again, so
combinations of imaging methods require the placement of some sort of landmark on the
surface so the same region can be located with high precision. In the case of lipid bilayers
on solid supports, this is readily achieved by membrane patterning (38), in which a grid

pattern spacing on the order of tens of microns provides visual landmarks that can be
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mapped with optical techniques, such as fluorescence microscopy or imaging ellipsometry,
and used to locate the same region on the surface for analysis by multiple complementary
techniques, including AFM and imaging mass spectrometry.

Methods of sample preparation for cells and tissues need to be evaluated according to the
experimental goals. Mapping diffusible ions requires fast freezing methods (19). Outside of
this extreme case, little work has been done to determine the trade-offs between ease of
sample preparation and sample integrity. Fast freezing and low temperature dehydration are
generally regarded as the gold standard (19, 35, 41, 87); other methods have been used such
as standard resin embedding and ultramicrotomy (60, 61), chemical fixation and air drying

(65, 85), and even no treatment for stable structures such as bacterial spores (33).

NanoSIMS IMAGING OF METABOLIC PATHWAYS AND MICROBIAL COLONIES

To date only a handful of laboratories have reported results using a NanoSIMS on
biological samples. This is partly because there are fewer than 20 instruments in the world
and most are largely dedicated to studying hard materials. In addition, there is a significant
hurdle for new entrants into the field because the instruments are complex and require
extensive training to acquire meaningful data, and methods of data analysis and sample
preparation are not standardized. Much of the published literature is found in relatively
specialized journals that would not be routinely seen by biochemists or structural biologists,
and the few higher-profile papers are the result of a great deal of effort. Much of this work
is still in the method development and capability demonstration stage.

Approximately one-quarter of the publications fall in the category of studies of metabolic
NanoSIMS for tracer studies, including **C-labeled free fatty acid transport across cell
membranes (56), thyroid uptake of iodine (17, 25), and cellular uptake and distribution of an
>N-labeled peptide vector (93). Lechene et al. (60) provide an extensive exposition of the
use of stable isotopes for cell biology. A recent study probes the origin of the CN™ ion based
on the formation of a *C*N cluster from adjacent **C- and *>N-labeled proteins (62). This
work follows an early study of the origin of the CN™ molecular ion that demonstrated that it

could come directly from directly bonded atoms or from atom recombination (71). This
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phenomenon may potentially be exploited to obtain proximity information on a length scale
much smaller than the primary beam spot size

Applications of NanoSIMS in microbiology have expanded rapidly. NanoSIMS has been
used to image the distribution of isotopic and elemental tracers at the scale of individual
bacterial cells---which can be submicron in size---to infer microbial metabolism (2, 6, 20,
metabolism has typically been studied in pure cultures or inferred from genomic data, even
though most microbes cannot be cultured, pure cultures may not reflect metabolism in
mixed cultures, and genomic data reflect capability, not actual processes. Orphan et al. (78)
were the first to use SIMS to monitor microbial metabolism in a natural consortium. They
used fluorescent probes hybridized to ribosomal RNA to identify microbes in a relatively
simple, spherically symmetric consortium amenable to analysis by SIMS with micron-scale
lateral resolution. To determine microbial metabolism, the fluorescent probes were
correlated to natural abundance isotopic analysis with a large-radius SIMS instrument.
Natural abundance isotopic analysis provided insight into microbial metabolism because of
the large natural fractionation in carbon isotopes by the methanogenic bacteria in the
consortium. For most NanoSIMS studies, stable isotope-labeled substrates are provided to
the microbial consortium to determine which microbes metabolize the substrate. The higher
spatial resolution of the NanoSIMS allows individual cells and subcellular regions to be
resolved, and simultaneous ion detection facilitates imaging of stable isotope analysis and
elementally tagged molecular probes within single micron-scale cells (6, 65).

NanoSIMS has also been used to characterize microbially mediated geochemical
processes using isotopic tracers (27), natural abundance stable isotopes (28), and organic
nitrogen detection and mapping in mineral aggregates (76). Other biologically related
geochemistry studies include elemental mapping and tracer studies on reef-building corals
(20, 74), statoliths (116), coccoliths (36, 90), diatoms (2), and fossil organic mapping (77).

IMAGING MASS SPECTROMETRY OF BIOLOGICAL MEMBRANES

Although the lipid bilayer is the universal structural element of biological membranes,
relatively little is known about the lateral organization of lipids and membrane-associated

proteins. Biological membranes are highly dynamic as lipids generally diffuse in the plane
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of the membrane, as do many membrane-associated proteins. Specific associations among
lipids such as sphingomyelin, cholesterol, and membrane-anchored proteins, often called
lipid rafts, are hypothesized to form an organized entity with collective function. These
microdomains are believed to play a central role in organizing this fluid system, enabling
the cell membrane to carry out essential cellular processes, including protein recruitment
and signal transduction (43, 115). Yet direct visualization of these microdomains has proved
to be difficult, the precise compositions and other physical characteristics of these domains
have not been established, and thus the existence of rafts is controversial (24).

There has been extensive work on lateral phase separation using model membranes, both
monolayers, at the air-water interface or on hydrophobic supports, and bilayers, either on
solid supports or in giant vesicles. Domains are often visualized by the partitioning of
fluorescent probes between phases. Although many dye-labeled lipids are available, their
physical properties can be different from those of native lipids, which is not surprising
because the dyes are often covalently attached via important functional groups and they
introduce unnatural charge and functionality. Imaging mass spectrometry has the potential
to make a major contribution to this field by directly imaging the lateral distributions of
components within the membrane without changing the chemical structures of the
components of interest, and therefore the delicate interactions that are essential for function
are not perturbed. ToF-SIMS has been used to directly detect and image various membrane
components in synthetic model membrane systems, biological tissues, and individual cell
membranes on the length scale of 200 nm--1 um. Dynamic SIMS performed with the
NanoSIMS has been combined with isotopic labeling of specific components to extract
comparable information from supported lipid bilayers on a scale of 100 nm. In this section,

we review this work.

ToF-SIMS
The majority of SIMS analysis of lipid membranes has been performed using ToF-SIMS.
Because large molecular fragments often have distinctive masses, labeling is, in principle,
not required for component identification. Winograd and coworkers (73, 100) have
pioneered the ToF-SIMS analysis of domain formation in Langmuir-Blodgett lipid
monolayers deposited onto self-assembled monolayers of alkane thiols on gold. To date,

data have been reported at the 1 um length scale; although a primary ion beam diameter of
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100--200 nm can be achieved, the lateral resolution of these studies was limited by the pixel
size. This body of work was discussed in a recent review of ToF-SIMS imaging of lipid
membranes (54), so we only briefly summarize key results here.

ToF-SIMS analysis of biological and synthetic lipid membranes offers the advantages
that unlabeled model or native cell membrane samples can be characterized, and the
resulting mass spectra contain a wealth of information on the molecules present even if they
were unidentified at the time of analysis. A prime example of the strengths of ToF-SIMS is
demonstrated in a recent report characterizing an unlabeled lipid monolayer composed of
sphingomyelin (m/z 731 and m/z 264), cholesterol (m/z 385 and m/z 369), and a partially
unsaturated lipid [1-palmitoyl 2-oleoyl phosphatidylcholine (POPC), m/z 760 and m/z 224]
with 1 um lateral resolution (73). The distributions of the characteristic secondary ions
revealed domains enriched with sphingomyelin and cholesterol but deficient in POPC (73).
ToF-SIMS has also been used to image phase separation within lipid monolayers that model
lung surfactants (44) and contain a surfactant protein (10, 12) with 200 nm--1 pum lateral
resolution.

The ability to directly image the lateral distributions of unlabeled molecular components
within a sample renders ToF-SIMS an ideal method to image lipid distribution in actual cell
membranes. There are several reports of imaging the distributions of membrane components
within biological tissues and individual cells with a lateral resolution of one to a few
of this method is a report from Ostrowski et al. (80), who demonstrate a decreased
abundance of phosphatidylcholine and an increase in an aminoethylphosphonolipid detected
at the plasma membrane sites of fusion between Tetrahymena cells. If this result can be
generalized, it can provide a unique opportunity to analyze the composition of specific
regions of membranes that are important in other cellular processes.

The primary issues for ToF-SIMS analysis of biological samples are sensitivity, spatial
resolution, specificity, and quantification. Unfortunately, the high-mass fragment ions used
for component identification often have low yields. The further development of polyatomic
primary ion sources is a promising approach to decrease molecular fragmentation and
increase the yields of molecular ions, thereby simplifying component identification and
increasing the working lateral resolution (29, 79). Molecular fragment identification can be
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challenging for complex samples, and in some cases, high mass molecular fragment ions are
not uniquely characteristic of a single membrane component (100), so selective deuterium
labeling may also be required for component identification (8). The central challenge for
quantification is determining the relationship between secondary ion signal intensity and
component concentration. This relationship is subject to matrix effects that result in
differences in ion yields. For example, the yields of ToF-SIMS secondary ions can vary
because of changes in the lipid packing density in the monolayer (11, 72) and other
differences in the local membrane environment (82, 86). These complications can be
mitigated by using relative sensitivity factors measured on calibration samples (73).
Furthermore, the yields of large molecules are often low and may be different for different
molecules (e.g., lipids versus proteins, phospholipids versus cholesterol), limiting sensitivity
and compromising quantification. Though beyond the scope of this review, multivariate
analysis techniques that glean component identity from the abundant low mass fragment
ions that are otherwise unexploited can also improve component identification (105). ToF-
SIMS is especially powerful for detecting lateral variations in the secondary ion signal
intensity that give rise to visible contrast in the component-specific ion image, although care
must be taken in translating this contrast into specific variations in component

concentration, as opposed to matrix effects on the ion yields.

Dynamic SIMS
In contrast to ToF-SIMS, only tiny molecular fragments such as atomic and diatomic
secondary ions are detected in dynamic SIMS analysis. Therefore the incorporation of
distinct stable isotopes or unique atoms (e.g., F) into the components of interest is required
for component identification. Isotopically labeled molecules and the corresponding
unlabeled molecules have identical chemical structures, and much of what we know about
biochemical pathways is derived from studies that use stable and radioactive isotopes as
tracers. As described in the section on instrumentation, while ToF-SIMS generates an entire
mass spectrum, dynamic SIMS performed with the NanoSIMS only allows the parallel
detection of five or seven different m/z ratios (depending on the NanoSIMS model). The
trade-off is that a higher spatial resolution and greater sensitivity to small mol fractions of
each component can be achieved by this approach than by ToF-SIMS. Taken together,

dynamic SIMS performed with the NanoSIMS is advantageous when the components of
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interest can be isotopically labeled and when high lateral resolution and sensitivity are the
primary goals. To date, a direct comparison of ToF-SIMS and NanoSIMS images for
identically prepared samples has not been reported. This would provide a useful assessment
of the strengths of each approach.

Model lipid membranes are an ideal test bed for dynamic SIMS because they have been
characterized by many surface-sensitive methods and isotopic labels can be easily
incorporated. Our joint published work to date focuses on supported lipid bilayers, one of
the simplest model systems that captures essential features of biological membranes (31, 57,
58). At the time we began this work, it was not clear that the sensitivity would be sufficient
to detect a single bilayer using the NanoSIMS, let alone to attempt quantitative analysis
with high spatial resolution. Furthermore, there was no precedent for preparing supported
bilayers for high vacuum analysis, and our initial efforts often led to surfaces that, when
imaged by adding a small amount of a fluorescent dye-labeled lipid, were of poor quality.

Supported lipid bilayers are prepared by exposing glass or silica surfaces to a suspension
of lipid vesicles. This self-assembly process does not occur on many materials, and by
placing “bilayer-phobic” materials on substrates as barriers, bilayer assembly can be
directed only to those regions where the glass or silica is exposed. This is called membrane
patterning, and many methods for varying and manipulating the composition of lipid and
membrane-associated protein components in these patterned surfaces have been developed
(37). Supported bilayers can be formed on native SiO, on Si, which forms spontaneously in
air; however, bilayers on native oxide are not particularly stable. We use 5 x 5 mm Si
wafers, which are held firmly and grounded in our NanoSIMS sample holders. By growing
a thicker but still very thin SiO; layer on the Si substrates, stable bilayers can routinely be
formed, and these SiO, layers can be patterned with other materials (we currently use Cr) so
that bilayer regions on the surface can be relocated by different imaging methods such as
fluorescence, ellipsometry, AFM, and ultimately the NanoSIMS (which destroys the
sample).

The oxide thickness is important because charge buildup on the surface during exposure
to the Cs™ beam can reduce the ion yield and resolution, so a compromise between
SiOy/bilayer stability and charge dissipation through the grounded Si wafer must be sought.

Although a comprehensive analysis has not been performed, it appears that a roughly 10-
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nm-thick SiO, layer is a good compromise, which is consistent with the mean implantation
depth of 20 nm for the 16 kV Cs" primary ions. This thin oxide layer has a second
consequence for fluorescence imaging. Because the underlying Si substrate is an excellent
mirror, incoming light is reflected off the surface and interferes, giving a standing wave
pattern above the substrate with a null at the surface, a maximum at one-quarter of the
wavelength of light, a null again at one-half the wavelength of light and so on. This is the
basis of the interferometric technique fluorescence inference contrast microscopy (59).
Because the SiO, layer is very thin, fluorescence from molecules in a bilayer only a few
more nanometers from the Si mirror is very weak. After freeze-drying, the molecules are
likely even closer to the mirror, and we also find that what little fluorescence there is rapidly
photobleaches in air. Thus, although a thin SiO; layer is optimal for the NanoSIMS
measurement, it makes conventional epifluorescence microscopy more difficult.

Preserving the bilayer and its lateral organization on the surface by freeze-drying is a
tricky process. Supported bilayers are not stable when exposed to air, so the sample must be
under water at all times, but the amount of water must be kept to a minimum for rapid
freezing (the 1-mm-thick Si wafer also presents a substantial thermal mass). The sample is
rapidly immersed in liquid ethane with a minimal perturbation of the surface and then
transferred under liquid nitrogen into a freeze-drying chamber where the water is removed
at low temperature (we use an oil-free scroll pump to minimize contamination). Once
freeze-dried, the surfaces appear to be stable for a long time, e.g., domains visualized by
fluorescence microscopy (necessarily microns or larger) are preserved pre- and postfreeze-
drying and remain for long periods. Although lipid mobility is a hallmark of biological
membranes, once freeze-dried this mobility ceases. Also, because the sample is frozen in a
small fraction of a second, a typical lipid molecule with a diffusion coefficient of
approximately 1 pm? s™ will at most exchange positions with only a few neighbors, and this
is much less than the lateral resolution of the NanoSIMS measurement due to the diameter
of the primary ion beam.

As a step toward the ultimate goal of high-resolution membrane composition analysis, we
have demonstrated that small domains within a phase-separated lipid bilayer could be
imaged with 100-nm lateral resolution and that the lipid composition within small regions

of the membrane could be quantified by NanoSIMS imaging (58). Homogeneous bilayers
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composed of 1,2-dilauroylphosphatidylcholine-*>N (**N-DLPC) and 1,2-
distearoylphosphatidylcholine-**Cy5 (*C15-DSPC) and 0.5 mol% of a fluorescent lipid that
enabled the bilayer to be visualized by fluorescence microscopy during sample preparation
were formed by vesicle fusion on chrome-patterned silicon substrates at a temperature at
which both lipids were in the fluid state. Pure DSPC has a gel-to-liquid phase transition
temperature of 55°C, and pure DLPC has a gel-to-liquid phase transition temperature of —
5°C. The freely mixed supported bilayers were cooled to induce phase-separation due to this
difference in their phase behavior associated with acyl chain lengths. The bilayers were
flash-frozen and freeze-dried to remove the water without perturbing the bilayer’s
organization, and the locations and geometries of the gel and fluid phases within the freeze-
dried lipid bilayer were imaged by AFM (Figure 4d). The height difference between these

two phases was consistent with measurements made on hydrated, phase-separated bilayers
composed of DSPC and DLPC (67).

PCUN- Figure 4 NanoSIMS
analysis of a freeze-dried,
phase-separated supported
lipid bilayer composed of
1,2-
dilauroylphosphatidylcholi
ne-**N (**N-DLPC) and 1,2-
distearoylphosphatidylcholi
ne-*Cyg (**C15-DSPC) (a--C)
and the atomic force
microscopy (AFM) image of
the topography of the same
bilayer location (d). The

wiom  @nalysis was performed
with the NanoSIMS 50
using a cesium primary ion
beam with a diameter of
100 nm and a pixel size of
100 x 100 nm. (a) The
normalized *C°N~
secondary ion signal

50nm

0nm

intensity (green) reveals the distribution of *°N-DLPC in this area, and (b) the normalized
3CH™ secondary ion signal (red) shows the distribution of **C15-DSPC in the membrane.
(c) Overlay of the two lipid-specific ion signals. A comparison of the AFM image (d) of the
membrane topography that was acquired at the same sample location prior to SIMS
analysis to the lipid-specific secondary ion images (a--c) shows that the sizes and shapes of
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the *C15-DSPC--enriched lipid domains visualized by SIMS are nearly identical to the gel
phase domains imaged by AFM. Arrows indicate objects in the AFM image that are
unlabeled debris, not labeled domains, and their locations in the SIMS images. Scale bar is
2 pm.

The *C*H™ and **C*N" secondary ion signals were used to visualize the **C15-DSPC and
N-DLPC distributions, respectively, within the lipid membrane. The lipid-specific
secondary ion images showed that domains enriched with **C15-DSPC, as evidenced by a
locally elevated **C*H" signal and decreased **C*°N signal, were dispersed within a *°N-
DLPC--rich bilayer (Figure 4). The positions and geometries of the **C,5-DSPC--enriched
domains visualized by the NanoSIMS were nearly identical to the gel phase domains
imaged by AFM. A few features in the AFM image did not produce lipid-specific secondary
ions (Figure 4); the height difference between these objects and the bilayer (>5 nm) verified
that these objects were unlabeled debris, not lipid domains. This side-by-side comparison is
particularly important because AFM and NanoSIMS images contain different information
and each enhances the value of the other.

Quantitative information on the lipid composition within small regions of the membrane
was obtained by calibrating the lipid-specific secondary ion signal intensities with standard
samples. To establish the calibration curves, two sets of homogeneous supported lipid
bilayer samples that each systematically varied in the **C15-DSPC or *>N-DLPC content
were made. Using the NanoSIMS, measurements were made on each calibration sample
within the two sets. The normalized **C*H™ or **C**N signal intensities (**C*H/**C™ or
12CN7/*2C") were determined at several regions in each calibration sample, and the
standard deviation relative to the average **C*H™ or *C**N" signal intensity measured on
each sample was below 3% and 5%, respectively. Calibration curves were constructed from
this data, and the normalized *C*H™ and *2C**N" signal intensities had excellent linear
correlations with the isotopic enrichment in the bilayer, which suggests that matrix effects
were negligible in these samples. The normalized **C**N~ signal intensity was sensitive to
the thickness of the SiO; layer of the substrate that supported the lipid membrane, so the
SiO; thickness used for these experiments varied <1 nm. The magnitude of matrix effects
within bilayer samples that contain more diverse membrane compositions is currently being

investigated.
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Using these calibration curves, the gel and fluid phase compositions were evaluated by
converting the component-specific secondary ion signal intensities collected from small
regions of the bilayer into mol% concentrations (Figure 5). Most of the gel phase domains
consisted of a ~9:1 molar ratio of **C15-DSPC to *°N-DLPC, consistent with the phase
diagram for this mixture. A statistically significant elevation in the amount of *°N-DLPC
was detected at a localized area in one gel phase domain. Inspection of the AFM image
acquired at this location revealed that the elevated >N-DLPC concentration within the
domain corresponded to a small (<200-nm-diameter) depression in the thickness of the
domain, and this could be interpreted as a fluid phase subdomain trapped within the gel
phase (Figure 5). In the bilayer regions that corresponded to the fluid phase, the molar ratio
of ®N-DLPC to **C15-DSPC was greater than 19:1, again consistent with the phase
diagram. For 300 x 300 nm? bilayer regions, the uncertainty in the lipid composition was
under 10%, although uncertainties as large as 20% were occasionally measured. The
uncertainty in the estimation of lipid composition is determined by counting statistics, as
described in detail in the supplementary information of our previous report (58).

Figure 5 Quantitative analysis of

Domain A Domain B Domain C Mol % 1*C, -

DSPC membrane domains as described in
- ofe%  Figure 4. The normalized “C'H”
i 80% _ . .
‘ oMo and C*N~ secondary ion signal
5 0.35 [J40% intensities were calibrated using sets
il i of homogeneous lipid bilayers that
systematically varied in isotopic
Mol % "N- .-
DoPC composition. The thermal false
i o color scales represent the
0.78 | 80%
0.56 Nso% abundance of 1,2-

035 [ 40% distearoylphosphatidylcholine-*C g
o 1o% (**C15-DSPC) and 1,2-
dilauroylphosphatidylcholine-*N

ol (®*N-DLPC) within the bilayer.
AFM images acquired at the same
5.0nm locations before SIMS analysis
reveal topography. Lower
B concentrations of both lipids were

detected in the locations where

debris was identified by AFM (arrows). The lipid composition within the gel phase was

typically ~9:1, **C15-DSPC to **N-DLPC (domain A), but unusually high amounts of °N-

DLPC were occasionally detected within the gel phase domains (domains B and C). AFM

imaging indicated a small (<200-nm-diameter) depression that might indicate that a small
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fluid phase domain (circle) was entrapped within the gel phase (domain C). The presence of
this fluid phase subdomain is confirmed by the NanoSIMS image, which reveals a locally
elevated concentration of >’N-DLPC at this location. SIMS images were acquired with the
NanoSIMS 50. Pixel size is 100 x 100 nm and are smoothed over three pixels. Scale bar, 1
pm.

This work validates the ability to image the distribution of membrane components on the
submicron length scale that is relevant to organization within biological membranes.
NanoSIMS analysis of actual cell membranes has not yet been attempted. The obvious
challenges will be to selectively incorporate distinct stable isotopes into the components of
interest and to isolate the cell membrane intact for analysis. Methods for achieving this have

been reported, mostly for fluorescence imaging (23, 84).

COMPARISON WITH OTHER ADVANCED IMAGING METHODS

There are many approaches to imaging biological systems, depending on the nature of the
samples, in particular whether they are alive, fixed, or otherwise preserved and/or sectioned,
the length scale, sensitivity, and type of information that can be extracted. We close this
review with a brief comparison of imaging mass spectrometry to a few methods that have
seen great recent advances. It is our strong belief that combinations of methods are the best
approach, that is, these are not competing, but complementary. An excellent example is
provided by the NanoSIMS images of phase-separated supported bilayers compared with
AFM images in Figure 4. AFM is a well-established method that can provide atomic
resolution topographical images of the surface of hard and soft objects under ideal
conditions, but not chemical information, although a recent example with a functionalized
AFM tip shows the potential for molecule-specific information (108). The NanoSIMS data
contain little topographic information but provide unambiguous identification of isotopic
composition that translates into chemical identification. The spatial resolution (both lateral
and vertical) is much poorer than with AFM, but the molecular information content is much
greater; thus side-by-side measurements on the same sample are much more powerful than
either alone. Another comparative example probing the architecture of pathogen cell walls
has been reported recently (22).

Cryo-electron microscopy is a powerful tool for imaging complex assemblies such as the

ribosome, microtubles, and nuclear pores, to name a few spectacular examples (30, 101).
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Advances in electron microscopes and image processing open the possibility of nearly
atomic-level resolution for noncrystalline samples. At the same time, advances in image
reconstruction and thin sectioning combined with state-of-the-art electron microscopy make
electron tomography a reality (39, 94). Each of these approaches, like mass spectrometry
imaging, depends upon careful sample preservation. Molecule-specific information can be
obtained by staining, typically with large metal clusters, which is a disadvantage compared
with the intrinsically multiplexed mass-specific information of mass spectrometry. As with
imaging mass spectrometry, these techniques are still limited to a few laboratories, as the
instrumentation and expertise are specialized, and results emerge slowly. The potential for
side-by-side comparisons of imaging mass spectrometry and electron tomography is
particularly attractive.

Commercial light microscopes come equipped with extraordinary optics, detection
systems, and software, so that advanced methods of data acquisition and analysis have
become routine. Traditional approaches to sample staining with dyes or dye-labeled
antibodies have been supplemented by genetically encoded labels based on green
fluorescent protein (34). The advantage of these approaches, especially using green
fluorescent protein, is that measurements can be performed on living samples and single
molecules can be detected due to the extreme sensitivity of fluorescence detection (75). The
obvious limitations for imaging the organization of complex systems are the need for
specific labels (one only sees what is labeled with a fluorescent tag), the label may interfere
with an important interaction, and the diffraction limit (on the order of several hundred
nanometers under ideal conditions). The last limitation has been challenged by a series of
increasingly impressive methods. Most of these approaches involve some sort of structured
illumination. Near-field scanning optical microscopy scans a subdiffraction-sized aperture
over the sample (45). Structured illumination near nonbiological surfaces can be achieved
by evanescent wave approaches, in which the light field decays exponentially from a
surface with a higher refractive index than the material being probed (e.g., total internal
reflection fluorescence microscopy) (3), or by interference contrast, in which a standing
wave is created near a reflective surface (e.g., fluorescence interference contrast
microscopy) (59). Most impressive and potentially most general are methods that create

structured illumination using the microscope optics or exploit the photophysical processes
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of the fluorescent molecules used for imaging to obtain resolution much below the

have demonstrated resolution better than 100 nm. These state-of-the-art methods are not yet
routine, and in most cases the images take considerable time to obtain, but they can be
applied to intact three-dimensional objects. Finally, a new class of super-resolution methods
based on the location of individual molecules and complex photophysics have recently been
developed that avoid structured illumination but typically require multiple labels (5, 7, 52).
These methods are evolving rapidly and offer spatial resolution that is comparable to
imaging mass spectrometry. While the sensitivity is at the level of individual molecules,
multiplexed detection and identification are limited to what is labeled.

Although fluorescence microscopy is widely used because the instrumentation and labels
are so readily available, infrared microscopy can provide spectral signatures of specific
types of molecules based on the characteristic vibrational spectra of the molecules in the
sample. In this sense, infrared-based methods parallel imaging mass spectrometry in that
they give chemically specific information. The advantage is that these methods, like
fluorescence microscopy, can be applied to live cells. The disadvantages are the diffraction
limit (on the order of several microns for typical vibrational frequencies), sensitivity
(infrared transitions are typically detected much less sensitively than electronic transitions
are), and background absorption, e.g., from bulk water. Raman microscopy can be used to
avoid the last, but it is quite insensitive. Coherent anti-Stokes Raman scattering can improve
the sensitivity by many orders of magnitude, and this is currently being developed as a
microscopy method in several laboratories (26, 64).

Each of these advanced imaging methods offers specific advantages and none provides a
complete story by itself. For planar samples like model membranes, imaging mass
spectrometry combined with AFM takes optimum advantage of both. For complex
topologies or where fast reorganization is important for function, these methods are much
less useful, although it may prove possible to trap intermediates by freezing and obtain
planar images by thin sectioning. Ultimately, mass spectrometry offers the highest level of

information because it is mass specific, so the future of this approach appears to be bright.
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ACRONYMS

AFM: atomic force microscopy

DLPC: 1,2-dilauroylphosphatidylcholine

DSPC: 1,2-distearoylphosphatidylcholine

MALDI: matrix-assisted laser desorption/ionization

NanoSIMS: brand name of a high-spatial resolution dynamic SIMS instrument from CAMECA
POPC: 1-palmitoyl-2-oleoylphosphatidylcholine

SIMS: secondary ion mass spectrometry

ToF: time of flight
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